To improve the oxidation resistance of TiAl intermetallic compound under high temperature condition, cathodic co-deposition of Al-Cr and Al-Ni alloy was carried out by constant potential control or potential pulse control in AlCl 3 -NaCl-KCl molten salt containing CrCl 2 and/ or NiCl 2 at 423 K. Cathodic reduction of Ni and Cr starts at potential of 0.8 and 0.15 V vs. Al/Al 3+ in the molten salt, respectively. The co-deposition of Al, Cr, and Ni occurred at potentials more negative than -0.1 V to form a mixture of intermetallic compounds of Cr 2 Al, Ni 3 Al, and Al 3 Ni. Concentration of Cr in the deposit was enhanced to 43 at% at -0.1V; however, concentration of Ni in the deposit was 6 at% at the same potential.
Introduction
TiAl intermetallic compound may be one of the candidates for next turbine blade materials of internal combustion engine. However, the corrosion resistance of TiAl intermetallic compound is not sufficient for use at temperature higher than 900 o C (1173 K).
To improve the oxidation resistance under the high temperature condition, we have proposed a resistive coating of Al-Cr or Al-Cr-Ni alloy layer which was produced by electroplating on the TiAl intermetallic compound from molten salt. [1, 2] For keeping adhesion of the coating to the substrate TiAl and lowering production cost, we have applied electrolysis in a low-temperature molten salt to the coating formation. There have been several papers on electrodeposits of Al, Cr, and Ni from the low-temperature molten salt [3] [4] [5] [6] [7] ; however, there are few reports on the deposits of alloys consisting of Al, Cr, and Ni. In this paper, we present co-deposition of Al, Cr, and Ni or these alloys from AlCl 3 -NaCl-KCl molten salt containing CrCl 2 and NiCl 2 at 423 K. A relation between the alloy composition and potential under potential control electrolysis was reported. Further, the potential pulse electrolysis was applied for enhancement of Ni content in the alloy deposit.
Experimental
Anhydrous chromium chloride (CrCl 2 , Aldrich, 99.99% pure), and anhydrous nickel chloride (NiCl 2 , Aldrich, 99.99% pure) were used as received. Aluminum chloride (Aldrich, 99.9% pure) was sublimated and condensed for purification before use. A schematic illustration of the electrochemical cell used for the electroplating is shown in Fig. 1 Voltammograms were measured at a potential range from 1. Electrodeposition by potential control pulse technique was also carried out. Electrodeposits formed were analyzed by X-ray diffraction (XRD, JEOL JDX-3500, Cu-Kα radiation) and fluorescence X-ray spectroscopy (JEOL JSX-3220Z, Rh target).
Results and Discussion

Saturated concentration of chromium chloride and nickel chloride
The dissolution of CrCl 2 and NiCl 2 was first examined in the AlCl 3 -NaCl-KCl molten salt. Figure 2 shows change in the concentration of chromium ion and nickel ion in the AlCl 3 -NaCl-KCl molten salt with time after addition of CrCl 2 and NiCl 2 into the melt. From The composition of electrodeposits formed under the constant potential control was analyzed by fluorescence X-ray spectroscopy. Relation between the deposition potential and the composition is listed in Table 1 . From Table 1 , the concentration of Al is seen to be relatively high, and the concentration of Cr strongly depends on the deposition potential. The concentration of Ni in the electrodeposits is very small, decreasing with more negative potential. Surface morphology of the almost deposits is flat, however when Ni content in the deposit increases, roughness increases and adherence for GC electrode decreases. Figure 5 shows the XRD pattern of the electrodeposits formed at potentials from -0.1 to -0.4 V. were observed in XRD patterns, and this may be due to fine grain size or big lattice strain.
Metallic Al and intermetallic compounds of Cr
Considering the above, these electrodeposits formed on the electrode may be meta-stable alloy film. 
Potential pulse electrolysis
The concentration of Cr in the deposit can be enhanced by electrolysis of relatively more negative potential however, there is a limit for enhancement of Ni concentration by constant potential electrolysis. For enhancement of both Ni and Cr in the deposit, potential pulse electrolysis was examined. For the pulse, we controlled the following parameters, as illustrated in Fig. 6 ; the positive potential (E p ), the negative potential (E n ), frequency (f), and duty ratio (τ p /τ n ). In the potential pulse, the intermetallic compounds and metallic Al are deposited during the period at the negative potential, E n , and Al content is preferentially dissolved from the deposit during the period at the positive potential, E p . The preferential dissolution of Al content may be expected to enhance the Ni and Cr contents in the deposit alloy. The relations between composition of electrodeposits and potential pulse parameters are shown in Fig. 7 .
As shown in Fig. 7(a) , the more positive E p induces the lower concentration of Cr.
This result shows dissolution of Cr at potential of 0.5 V occurs easily than that of at 0.1 V. In Fig. 7 (b) , the more positive E n results in the higher concentration of Cr. This can be due to increase of reduction current of Al ion at potential of -0.2 V. When the duty ratio, τ p /τ n , is made smaller, the concentration of Cr and Ni increases (Fig. 7(c) ). When the frequency, f, is made higher, the Ni concentration increases and the Cr concentration decreases (Fig. 7(d) ).
The effects of frequency and duty ratio on alloy concentration are not strong, however, these parameters may have a strong effect on the concentration in other combinations with Ep and En. Relatively flat electrodeposit is formed at frequency of 0.5 Hz, on the other hand, powdery electrodeposit is formed at 5 Hz. The effect of frequency may be reflected for morphology change of electrodeposit rather than the concentration. In these pulse deposition, the Ni concentration of the deposit is enhanced to 32 at% under the pulse condition of E p = 0.5 V, E n = -0.1 V, f = 1 Hz, and τ p /τ n = 2 / 3 under which the Cr concentration is 11 at%.
8
From the result, it is found that the pulse electrolysis is effective for enrichment of Ni content.
For more improvement of oxidation resistance of TiAl at high temperatures, the coating of Al-Cr-Ni alloy with the Ni concentration higher than 50 at% is required. [9] We further examine the pulse potential condition to obtain higher concentration of Ni content in the deposit.
Conclusions
For preparation of an oxidation resistance layer under high temperature condition, 
